Electrodeposited Fe-Co films are commonly prepared in a boric-acid-based bath. In this research, we applied citric acid instead of boric acid for the plating of Fe-Co films because boron in the waste bath is restricted by environmental-protection regulations in Japan. We evaluated the effect of citric acid on the magnetic and structural properties of the films. The saturation magnetization of the Fe-Co films slightly increased while the Fe content in the Fe-Co films decreased with increasing citric acid concentration. The lowest coercivity value of 240 A/m was obtained at a citric acid concentration of 100 g/L. The plating bath with this citric acid concentration enabled us to obtain Fe-Co films with high saturation magnetizations and smooth surface morphologies.
I. INTRODUCTION
Fe-Co based alloys are well-known as high saturation magnetization materials, and their advantage of the high magnetization is particularly useful in magnetic storage devices. Typically, mass-productive Fe-Co films in electric devices prefer chemical processes such as electrodeposition methods to physical processes such as sputtering methods because the chemical processes have high economic viability and simplicity of fabrication equipment. Although many electrodeposited Fe-Co base films with good soft magnetic properties have been reported [1] [2] [3] [4] , boron, which is restricted by environmental-protection regulations in Japan, was included in the plating bath as boric acid.
Doi and Mizumoto reported that a citric-acid-based bath was one of the hopeful candidates for the plating of Ni films and that the electroplating from the citric-acid-based bath was effective to obtain Ni films with texture-free fine crystalline structures [5, 6] . Fine crystal structures are effective in reducing the coercivity because the strong exchange coupling among crystal grains may suppress the effective magnetic anisotropy [7] [8] [9] [10] . Therefore, Fe-Co films prepared in a citric-acid-based plating bath are expected to exhibit good soft magnetic properties. In this research, we prepared Fe-Co films from a citric-acid-based plating bath, and we evaluated the effects of citric acid on the magnetic and the structural properties of the films.
II. EXPERIMENTAL PROCEDURES

Preparation of Electrodeposited Fe-Co Films
We carried out electroplating to obtain the Fe-Co films by using direct current in the galvanostatic mode. The contents of the electrolyte in the plating bath are shown in Table 1 . The content of citric acid was varied from 0 to 160 g/L. We also show the electroplating conditions in Table 2 . The pH in the bath was not adjusted, and its value depended on the content of citric acid. The values of pH were 2.5 for 0 g/L and 1.8 for 160 g/L of citric acid, respectively. Five-hundred-µm-thick and 5-mm-wide Fe and Cu plates were used as the anode and the cathode, respectively. The distance between the electrodes was fixed at 50 mm, and Fe-Co films were deposited on the Cu plate from 50 mL of the plating bath. The current density and the deposition time were controlled by using a computer-aided dc current source. Consequently, we obtained 75-mm 2 Fe-Co films by plating.
Measurements
The decreases with increasing citric-acid content, and the saturation magnetization slightly increases with increasing citric acid content. Figure 3 shows the coercivity of the Fe-Co films as a function of the citric-acid content in the plating bath. The inset indicates the B-H loop of the Fe-Co films prepared at a citric-acid concentration of 100 g/L. The lowest coercivity value is obtained at around 100 g/L of citric acid, and the value was lower than those for previously reported films prepared from boric-acid-based bath [1] [2] [3] [4] . Figure 4 shows surface morphologies of the films prepared with various citric-acid contents of 40, 100 and 160 g/L. As shown in Fig.4 , the surfaces of the films prepared at low acid concentrations were rough. At higher acid concentrations, many cracks were observed and this result implies the existence of high stress in the electrodeposits. On the other hand, the surface of the film obtained at a citric-acid content of 100 g/L appears smooth. Thus, the result that the coercivity shows a low value at around this citric-acid content could be explained by a low inner stress in the films and a good film quality. From the above-mentioned results, we conclude that the citric-acid-based bath is applicable as a plating bath for obtaining Fe-Co films with good soft magnetic properties.
CONCLUSION
We have investigated the structural and magnetic properties of electrodeposited Fe-Co films prepared from a citric acid based bath. The obtained results are summarized as follows:
(1) Fe-Co films with low coercivity could be obtained for thicknesses above 10 µm. 
